Introduction Empty sella in MRI is an important finding associated with idiopathic intracranial hypertension (IIH). This study assesses the sensitivity and reproducibility of several morphological measures of the sella and pituitary gland to indentify the measure that best differentiates IIH from controls. Additionally, the study assesses reversal in gland compression following treatment. Methods Sagittal 3D-T1W sequence with 1 mm isotropic resolution was obtained from ten newly diagnosed IIH patients and 11 matched healthy controls. Follow-up MRI scans were obtained from eight patients at 1-week postlumbar puncture and acetazolamide treatment. 1D and 2D measures of absolute and normalized heights and crosssectional areas of the gland and sella were obtained to identify the measure that best differentiates IIH patients and controls. Results Overall area-based measurements had higher sensitivity than length with p<0.0001 for sella area compared with p=0.004 for normalized gland height. The gland crosssectional areas were similar in both cohorts (p=0.557), while the sella area was significantly larger in IIH, 200±24 versus 124±25 mm 2 , with the highest sensitivity and specificity, 100 % and 90.9 %, respectively. Absolute gland area was the most sensitive measure for assessing post treatment changes, with 100 % sensitivity and 50 % specificity. Average posttreatment gland area was 18 % larger (p=0.016). Yet, all eight patients remained within the empty sella range based on a normalized gland area threshold of 0.41. Conclusions Sellar area is larger in IIH, and it demonstrated highest sensitivity for differentiating IIH from control subjects, while absolute gland area was more sensitive for detecting post treatment changes.
Introduction
Empty sella refers to a magnetic resonance (MR) imaging sign whereby the pituitary gland appears compressed against the sella turcica forming a concave, "half-moon" shape of varying degrees [1] [2] [3] [4] . An accepted possible cause for empty sella is increased intracranial pressure (ICP) leading to herniation of the subarachnoid space into the anterior portion of the sella turcica diaphragm, which fills with CSF [5] . Empty sella has been associated with idiopathic intracranial hypertension (IIH) [1] [2] [3] [4] 6 ], yet its occurrence in IIH varies considerably in the literature, ranging from 2.5 % for totally empty sella in which the pituitary gland is not visible, and up to 94 % for partially empty sella that encompasses a wide range of pituitary height changes [6] [7] [8] [9] [10] . This could be in part due to lack of well-defined anatomical criteria for what constitutes empty sella. Furthermore, empty sella is a non-specific finding, as it is often found in healthy subjects [11] [12] [13] as well as in obesity [14] , meningioma [15] , pediatric nevoid basal cell carcinoma [16] , and even following therapy for growth hormone deficiency [17] . Regardless of the limited specificity, finding of empty sella on MR images in conjunction with other imaging signs suggests the diagnosis of IIH at the exclusion of tumor, venous thrombosis, or infection [3, 6] .
The degree of pituitary compression in IIH was quantitatively assessed by Yuh et al. from the ratio of pituitary area and sella turcica area, as measured by manual tracing on mid-sagittal T1-weighted MR images [6] . They found that 85 % of IIH patients had a significantly smaller ratio as compared with their control group [6] . While empty sella in IIH is well established, there is limited and inconsistent information regarding the reversibility of pituitary compression following treatment. Zagardo et al. reported the reappearance of normal sellar contents in two cases of IIH, following 2 weeks of treatment with acetazolamide in one patient and lumbo-peritoneal shunt in the other [18] .
The present study aims to quantify pituitary gland compression in a homogenous cohort of newly diagnosed obese IIH patients in comparison with age, gender, and body mass index (BMI) matched healthy control subjects. Furthermore, this study also aims to quantify the effect of lumbar puncture (LP) and acetazolamide treatment on reversal of pituitary compression in IIH.
Methods

Patients and study protocol
This study was approved by the local institutional review board and is in compliance with the Declaration of Helsinki. After obtaining written informed patient consent, ten consecutive young women newly diagnosed with IIH (mean± SD age 28.4±9.8 years; mean±SD BMI 35.2±3.9 kg/m 2 ) and 11 healthy young women of matched age and BMI (mean±SD age 30.8±8.5 years; mean±SD BMI 36.6± 4.9 kg/m 2 ) were enrolled for this study which included an MRI scan of the brain. A carefully matched group of control subjects were included in order to generate normative data and to establish pituitary compression in the IIH patient cohort. All study participants underwent a diagnostic vision exam by an ophthalmologist, and the papilledema grade was recorded for IIH patients. Following MRI, the patients underwent LP to confirm the diagnosis of IIH as per the modified Dandy criteria [19] . The mean opening pressure was 36.9±7.1 cm H 2 O (range, 26 to 47 cm H 2 O). The mean CSF volume withdrawn during LP was 13±3 mL (range, 9 to 18 mL). The mean closing pressure was 18.8±3 cm H 2 O (range, 13 to 22 cm H 2 O). All patients were then prescribed acetazolamide, a diuretic and inhibitor of carbonic anhydrase enzyme, suspected to restrain the CSF production [20] . All study participants also filled out a questionnaire to report symptoms including headache and vision impairments. A headache impact test score (range, 36 to 78) was calculated to quantify headache severity. None of the patients reported any endocrine-related problems. Eight out of ten patients returned for follow-up MRI scans and vision exams approximately 10 days post-LP and initiation of acetazolamide (range, 5-15 days).
Imaging and morphological analysis MRI data was acquired using 1.5 T and 3 T scanners (Siemens, Erlangen, Germany). MR imaging protocol included a high-resolution, 3D T1-weighted magnetizationprepared rapid acquisition gradient echo (MPRAGE) sequence with the following imaging parameters: sagittal acquisition, TR of 1,700 ms (1,900 ms for 3 T), TE of 3.53 ms (4.7 ms for 3 T), TI of 1,100 ms, flip angle of 15°, slice thickness of 1 mm, FOV of 25.6×23.2 cm, acquisition matrix of 256×232 (i.e., isotropic resolution 1 mm) and pixel bandwidth of 130 KHz.
Length and area measurements of the pituitary gland and sellar compartment were obtained by manual delineation on the mid-sagittal MR images by two observers with different levels of experience. The observers were blinded to subject information. These data were used to estimate inter-observer variability. Data obtained by the more experienced observer were then used to assess the degree of pituitary compression, as well as the degree of primary regression following treatment in IIH patients.
Height measurements were performed along the direction of the pituitary stalk for improved consistency. Pituitary gland height was defined as the difference between two length measurements (H1-H2) where H1 was the total height of the sellar compartment (distance between the inferior edge of the optic chiasm and inferior edge of the sella turcica base) and H2 was the height of the pituitary stalk (distance between the inferior edge of the optic chiasm and superior edge of the pituitary gland. Pituitary height measurements for each subject were normalized to their respective sellar compartment heights to account for intersubject variability. Normalized pituitary height was defined as the ratio, (H1-H2)/H1.
Cross-sectional area of the sella turcica (A1) was measured using two definitions. As per the first definition, the superior boundary of the sella was delineated along the inferior edge of the optic chiasm from the intersection with the pituitary stalk to the boundary with sphenoid sinus, as shown in Fig. 1a . Thus, the suprasellar cistern is included in the cross-sectional area measurement of the sella. This definition for the sellar compartment is based on well indentified anatomical landmarks on mid-sagittal MR images. The second definition is based on Yuh et al. where the upper extents of the pituitary gland were used as the superior boundary of the sella [6] , as shown in Fig. 1b . Sellar area measured using the two methods were also compared to evaluate measurement reproducibility. Normalized ratio between the pituitary gland (A2) and the sellar compartment (A1) was obtained for the two definitions of the sellar compartment area for comparison.
Statistical analysis
The degree of pituitary compression in IIH patients was assessed and compared with measurements obtained in the healthy subjects. A two-tailed Mann-Whitney U test for independent samples with 95 % confidence interval (CI) was applied to assess the significance of differences between the healthy cohort and the untreated patient group. Receiver operating characteristic (ROC) analysis was used to establish quantitative criterion for classifying presence of empty sella syndrome. A two-tailed Wilcoxon test for paired samples at alpha<0.05 was applied to assess differences between pre-and post-treatment measurements within the same patient. Intraclass correlation coefficient (ICC) was calculated to estimate reproducibility between the two observers. Statistical analyses were performed using statistical software (MedCalc v12.5.0, Mariakerke, Belgium).
Results
Healthy versus IIH
Apparent 'empty sella' by visual inspection was noted in all ten IIH patients and in one of the 11 healthy subjects. An example of the manually delineated height and area measurements from a healthy subject and an IIH patient, respectively, are shown in Fig. 2 . Mean values of height and area measurements from the healthy and patient cohorts are summarized in Table 1 . The mean and SD of the gland cross-sectional area for the control and the IIH cohorts were found to be similar, 57.20±14.45 and 62.02±16.74 mm 2 , respectively (p=0.557). On the other hand, absolute sellar area based on both methods demonstrated significantly larger sellar compartment area in the IIH cohort. The respective sellar compartment area based on method 1 which includes suprasellar cistern provided the strongest significant difference between the healthy controls and IIH patients 124± Fig. 1 Delineated of the sella cross-sectional area using two definitions: a method 1: the superior boundary of the sella along the inferior edge of the optic chiasm until the intersection with the pituitary stalk, and b method 2: the superior boundary of the sella is at the level of the upper anterior and posterior extents of the pituitary gland Fig. 2 Delineated sella and pituitary gland height (first column) and area (second and third columns) measurements obtained from a healthy subject (top row) and IIH patient (bottom row). Sella area is delineated using method 1 (second column) and using method 2 (third column). H1 and A1 (yellow) represent the total height and area of the sellar compartment, respectively. (H1-H2) . Sensitivity of the sellar area using method 2 was also 100 % but with a lower specificity of 72.2 %.
Consequently, due to the larger sellar compartment area, both normalized height and normalized area measurements of the pituitary gland were significantly smaller in the IIH patient cohort as compared with the healthy subject group. Mean and SD values of normalized pituitary gland height in control subjects and IIH patients were 0.33±0.06 and 0.23± 0.06, respectively (p=0.004), while the mean and SD for pituitary stalk height in controls and IIH patients were 9.94± 1.82 and 12.46±2.11 mm, respectively (p=0.009). Mean and SD values of the pituitary gland normalized for area per method 1 in control subjects and IIH patients were 0.47± 0.11 and 0.31±0.07, respectively (p=0.003). Inter-observer reproducibility of the sellar area measurement based on the ICC was 0.985 (95 % CI=0.965 to 0.994).
Effect of treatment
Seven out of eight patients who returned for a follow-up visit 1 week post-LP and initiation of acetazolamide showed an increase in absolute pituitary area (average of 18 %; range, 1.2 % to 42.3 %). Both absolute and normalized area measurements of pre-and post-1 week follow-up studies are listed in Table 2 . The increase in absolute gland area showed stronger statistical significance (p=0.016) compared with normalized gland area (p=0.031), while changes in absolute height (p=0.945) and normalized height (p=0.945) of the gland were not statistically significant, as shown in Table 3 . This indicates that absolute gland area, rather than normalized area, is the more sensitive measure of change for Figure 3 shows sagittal MRI images that demonstrate changes in empty sella appearance at 1 week. No significant association was found between the relative increase in gland area and improvements in headache score (r=0.276), visual impairment (r=−0.235), or papilledema grade (r=0.235).
Discussion
The present study evaluates the sensitivity of 1D and 2D measures of pituitary compression, namely height and area measurements on mid-sagittal MR images, for identification of partially empty sella in IIH. Based on the results summarized in Table 1 , it is evident that area-based measurements provide higher sensitivity sella compared with length-based measurements. The most significant finding of the study is the importance of the sellar area as an indicator of IIH. This is evident since the pituitary gland area measurements were similar in the patients and control cohorts, 62.02±16.74 and 57.20±14.45 mm 2 , respectively, with p=0.56. This suggests that the pituitary gland in partially empty sella is rather deformed but not compressed. Furthermore, the appearance of partially empty sella is primarily due to the increased sellar compartment and secondary to the deformation in the pituitary gland shape. The sellar measurement which includes the suprasellar cistern provides the strongest sensitivity for differentiating between the patients and control subjects (p<0.0001). ROC analysis suggests that sellar areas with a value of 151 mm 2 measured with method 1 are the most reliable threshold to distinguish IIH patients among obese subjects. This finding of enlarged sella turcica and the suprasellar cistern is consistent with a recent observation that obesity-related IIH is associated with larger intracranial volume and larger intracranial CSF volume that accumulates in the extraventricular spaces [21] .
The finding of empty or partially empty sella in obesityrelated IIH can be explained as a phenomenon of remodeling of the sellar cavity under the influence of chronically elevated CSF pressure and pressure pulsation resulting with widening and enlargement of the sella turcica and effacement of the pituitary gland, thus producing the typical appearance of an empty sella [5] . Butros et al. recently hypothesized that osseous erosions are caused in IIH by a similar mechanism, leading to CSF leak as a result of osseous dehiscences and arachnoid herniation. They found empty sella in 65.9 % of their IIH patients and also reported significant widening of the foramen ovale at the skull base in IIH patients compared with age-, gender-matched controls [22] .
Normalized pituitary gland areas using both definitions of the sellar area demonstrated significant differences between the control and IIH cohorts. The normalized ratio using method 1, which include the suprasellar cistern, were consequently smaller compared with method 2, 0.47±0.11 and 0.31±0.07, versus 0.82±0.15 and 0.54±0.11, respectively, as expected. The normalized gland areas obtained using method 2 are in good agreement with the values of 0.83 and 0.44 reported by Yuh et al. [6] . The most unexpected finding, however, is the fact that the absolute sellar area, which includes the suprasellar cistern, provides the strongest differentiation between the IIH and control cohorts compared with the measurements of normalized gland area. The definition of the sellar area using method 1 demonstrated slightly higher inter-observer consistency based on smaller relative difference compared with method 2. This can be due to the well-defined markers of the superior boundaries in method one while the sellar definition based on method 2 is dependent on the gland shape. Moreover, the coefficient of variation (COV) (SD/mean) calculated for the sella area measured using method 1 is smaller when compared with method 2. Using method one, the COV obtained for control and patient groups were 0.198 and 0.121 respectively; whereas using method two, the COV obtained for the control and patient groups were 0.317 and 0.215, respectively. This shows greater sensitivity of the sellar area measurements with method 1.
Yuh et al. suggested that a compressed pituitary gland in IIH may re-expand after normalization of the ICP [6] . They further hypothesized that empty sella syndrome in IIH patients is due to a prolonged period of elevated ICP [6] . In our IIH cohort, the gland area demonstrated a modest increase of 18 % at 1 week after LP and initiation of acetazolamide in all but one IIH patient. The normalized gland areas post-1 week follow-up were still within the empty sella range in all eight patients, based on a threshold value of 0.41. The increase in gland area is likely primarily due to shape deformation and not due to decompression. A full reversal of the partially empty sella appearance may not be achieved in obesity-related IIH even after a long follow-up period since the primary reason for the appearance is the enlargement of the sellar compartment, which is not likely to be reversed by treatment.
This study has several limitations including small sample size for the IIH patient and control groups and a small number of subjects who had a follow-up scan. Regardless of the small sample size, strong statistical significances in several of the area and length measures were demonstrated. Another limitation was the use of two different scanners (1.5 T and 3 T). However, there should not be much in the way of differences due to field strength on this basis as geometrical distortion and image contrast were similar, and therefore, it is not expected to bias the manual delineation. Finally, regarding the clinical applicability of area-based measurements, it may be argued that 1D measurement is more easily performed and preferred over 2D measurement in clinical practice. However, the higher sensitivity of the area-based measures may justify the additional effort required for the area-based measurement.
Conclusions
While gland cross-sectional area is similar between obesityrelated IIH and control cohorts, sellar compartment crosssectional area is significantly enlarged in IIH. This contributes to the partially sellar appearance seen in IIH. The absolute sellar area (A1) which includes the suprasellar cistern demonstrates the strongest differentiation power among length and area measurements of the pituitary gland and sella turcica. In contrast, the gland area is the more sensitive measure for assessing changes in the pituitary gland following treatment.
